A nitrate non-utilizing mutant of Gibberella zeae (Fusarium graminearum) was isolated following UV mutagenesis and filtration enrichment. In preliminary reports, this mutant was designated gdh, but it has now been renamed nnu. This mutant has a complex pleiotropic phenotype which affects most aspects of nitrogen utilization. The wild-type parent could use nitrate, nitrite, ammonium, urea, polyamines, and most amino acids and purines as sole source of nitrogen, but the nnu mutant could use only putrescine, anthranilic acid, and the amino acids asparagine, aspartic acid, glutamic acid, glutamine, ornithine, proline and tyrosine. Most of these compounds could also serve as the sole source of both carbon and nitrogen. Addition of 1 mM-glutamine or 1 mM-proline to the medium resulted in a synergistic growth response if spermidine, arginine, citrulline, histidine, phenylalanine or tryptophan was present as the primary nitrogen source. Addition of 1 mwammonium to the medium repressed growth when putrescine, aspartic acid, asparagine, glutamic acid or tyrosine was the primary nitrogen source. The addition of ammonium did not repress growth when anthranilic acid, glutamine, ornithine or proline was the primary nitrogen source. The nnu mutant grew more rapidly than its wild-type parent in race tubes on some complex media. The complexity and diversity of the alterations in nitrogen catabolism caused by the nnu mutation suggest that this locus is important in the regulation of nitrogen catabolism by G. zeae.
INTRODUCTION
Nitrogen is a major regulator of cellular metabolism, and changes in the form and quantity of available nitrogen can radically alter the metabolism of the cell. In fungi such as Neurospora crassa, Aspergillus nidulans and Saccharomyces cerevisiae, in which the genetics and physiology of nitrogen metabolism have been extensively studied, complex genetic and regulatory mechanisms are known (for reviews see Fincham et al., 1979; Marzluf, 1981; Garraway & Evans, 1984) . Relatively little attention has been paid to the nitrogen metabolic machinery in the fusaria (Allam & Elzainy, 1971; Christias et al., 1975; Chattopadhyay & Nandi, 1981; Leslie, 1986) even though these fungi are important plant pathogens (Nelson et al., 198 1) and are used commercially in the production of gibberellins (Hedden et al., 1978) , zearanol (Hidy et al., 1977) and single-cell protein (Macris & Kokke, 1978; Taylor & Senior, 1978) . The activities in the fusaria of some of the enzymes related to nitrogen metabolism have been briefly examined. Enzymes studied include : NADPH-dependent glutamate dehydrogenase (Kinzel & Leslie, 1985) , acid phosphatase (Yoshida & Tamiya, 1971; Sano & Ui, 1981) and nitrate reductase (Ottow & von Klopotek, 1969; Chebotarev & Zemlyanukhin, 1973) .
Gibberella zeae (Schw.) Petch, the perfect state of Fusarium graminecrum Schwabe, is an important plant pathogen, causing stem rot of carnation, stalk and ear rot of maize, and head blight of small grains. Some strains of this fungus are used commercially to make the fungal sex pheromone zearalenone (Keith, 1972; Wolf & Mirocha, 1973) , which is subsequently processed to zearanol, an anabolic agent for ruminants (Hidy et al., 1977) . Some preliminary studies of the enzymology of nitrogen catabolism in this organism have been conducted (Leslie & Kinzel, 1983; Kinzel & Leslie, 1985) .
I . F . LESLIE
The purpose of this paper is to describe the phenotype of the nnu mutation of G. zeae. This mutation was formerly designated gdh because it was believed to result in a defect in glutamate dehydrogenase (Leslie & Kinzel, 1983) ; this preliminary diagnosis was later found to be incorrect (Kinzel & Leslie, 1985) , and the mutation has thus been renamed nnu (nitrate nonutilizing). I have identified compounds which can be used by the nnu mutant as sole source of nitrogen and as sole source of both carbon and nitrogen, measured growth rates on complex media, and documented unusual synergistic growth responses. Portions of this work were previously published in abstract form (Leslie & Kinzel, 1983; Leslie, 1985) .
M E T H O D S
Strains and genetic procedures. Strain ATCC 48067 of Gibberella3eae (anamorph Fusarium graminearum Group I : Burgess et al., 1975) , which carries the nnu mutation, was used. The nnu mutation was induced in G. zeae strain ATCC 20273 by exposure to UV irradiation; the mutant was recovered following filtration enrichment in a medium with nitrate as the sole nitrogen source, and purified by subculturing a single macroconidium (Leslie, 1983) . The nnu mutant was initially identified as an auxotroph for several different amino acids following auxanography. The morphology of mutant colonies grown on Bennett's agar slants is similar to that of the wildtype parent at both 21 and 28 "C (Leslie, 1983) , although differences in growth rate could be detected on race tubes (see Results).
Both the parent and the mutant strains are available from the American Type Culture Collection and from the Fusarium Research Center (Pennsylvania State University, University Park, Pa., USA). The parental strain, ATCC 20273, is patented for the production of zearalenone (Keith, 1972) and is morphologically type B (Cullen et al., 1982) . These two strains are almost completely infertile and only rarely form perithecia in culture. Stocks of this mutant were maintained on Bennett's agar (Leslie, 1983) .
Growth of G. zeae in shakepasks. The amount of fungal growth in shake flask culture was determined using the minimal media, incubation conditions and harvesting procedures described by Leslie (1986) . All amino acids were L-isomers unless otherwise noted. The amount of growth was measured as mg dry weight per 100 ml culture broth. Growth on each nitrogen source, or combination of nitrogen sources, was measured in two flasks on each of two occasions. Growth on single compounds and combinations resulting in more than 100 mg growth per 100 ml culture broth was measured a third time.
Race tubes. The linear growth rate of strains ATCC 20273 and ATCC 48067 was examined on selected media in race tubes (Ryan et al., 1943) . The media used were Fusarium complete agar (Puhalla & Spieth, 1983) , corn meal agar (Difco), potato dextrose agar (Difco), oatmeal agar (Difco), and wheat straw agar [ 10 g ball-milled dried wheat straw, 15 g agar (Difco), and I litre distilled water].
Race tubes were constructed and prepared for use as described by Pearson et al. (1986) . Each tube was inoculated with 2 pl of the spore suspension used to inoculate the shake flasks described above. Growth was measured by marking the advancing edge of the colony daily for 5 d and then every second day for three to four weeks or until the colony reached the end of the tube. Growth was measured at 20,25 and 30 "C. Each test was run in duplicate on two occasions.
R E S U L T S
Growth on single nitrogen sources A series of preliminary experiments using monosodium glutamate as the sole nitrogen source, and either sucrose or glycerol as the primary carbon source, was run to determine the concentration range in which nitrogen was the growth-limiting factor for the nnu strain (Fig. 1) . Growth was slightly better with sucrose than with glycerol over the range tested. Since the growth response on sucrose was approximately linear from 5 to 50 mM-N equivalent, 5 mM-N equivalent was chosen for further studies, the same level as used in the evaluation of the parent strain, ATCC 20273, by Leslie (1986) . This level of supplementation minimizes the amount of carbon contributed by compounds which contain both C and N ; these carbon skeletons could relieve carbon limitation without reflecting utilization of the nitrogen in the compound.
Each compound utilized by the ATCC 20273 parent (Leslie, 1986) was tested separately as a nitrogen source for the nnu mutant (Table 1 ). The standard error for growth on each compound in an experimental run was generally small (< 20 mg) but could be somewhat larger between experimental runs (up to 30mg). In most cases, there was more growth on the medium containing sucrose as the primary carbon source than on the medium containing glycerol as the primary carbon source. The final pH usually lay between 5.0 and 8.0 (see Table 1 ). Low final pH alone was insufficient to explain the poor growth observed when some compounds were used as the sole nitrogen source since growth on some compounds, e.g. putrescine, was quite good even though the final pH was between 3.6 and 4.4. On sucrose, the parental strain (Leslie, 1986) always grew better than the nnu mutant, usually by 50-100mg per 100ml culture medium. With only nine of the tested compounds did the growth of the nnu strain exceed 100 mg per 100 ml culture medium: with the other compounds, growth was not significantly different from the zero control. On glycerol, the parental strain (Leslie, 1986) again always grew better than the nnu mutant, but the difference was usually small. On only four compounds did the growth of the nnu strain exceed 100 mg per 100 ml culture medium. An additional five compounds gave growth significantly better than the zero control (above 65 mg dry weight per 100 ml culture medium).
When a compound was sufficiently soluble in water, growth of the nnu mutant on that compound as a sole source of both carbon and nitrogen was also measured ( Table 1) . Three general trends were apparent. First, growth by the nnu mutant was generally less than the growth reported by Leslie (1986) for the ATCC 20273 parent grown under similar conditions. Second, some compounds which were not utilized as a sole source of nitrogen were utilized as a sole source of both carbon and nitrogen, e.g. arginine and citrulline. Also, some compounds were utilized more efficiently when present as a sole source of both carbon and nitrogen than when they were used as a nitrogen supplement to media containing sucrose, e.g. aspartic acid, proline and putrescine. Third, the final pH values were more extreme in these studies than in the studies reported above in which sucrose or glycerol was present as the primary carbon source (Table 1) . For example, the final pH values when putrescine was used as the sole source of both carbon and nitrogen were all less than 2.0.
In summary, the utilization of aspartic acid, glutamic acid, glutamine, proline and anthranilic acid was consistently high. Putrescine, ornithine and asparagine were utilized well both in conjunction with sucrose as a primary carbon source and as sole sources of both carbon and nitrogen, but were not utilized well when glycerol was the primary source of carbon. The remaining compounds were used sparingly if at all.
Growth in media with two nitrogen sources Growth in media supplemented with ammonium. The ability of the nnu mutant to grow in medium with (NH4)*S04 as a secondary nitrogen source was tested (Table 1) . I expected that the addition of ammonium to the medium would not affect growth, since the nnu mutant cannot utilize ammonium as a sole nitrogen source (Table 1) . With the ATCC 20273 parent, ammonium supplements generally had little effect under these experimental conditions (Leslie, 1986) . Of the nine tested compounds utilized by the mutant as sole nitrogen sources, at least four -proline, glutamine, anthranilic acid and ornithine -and possibly two more -asparagine and tyrosinecould be utilized in the presence of ammonium (Table 1) . Only with glutamine and proline, however, did ammonium enhance growth.
Growth in media supplemented with glutamine. Glutamine, thought to be the mediator of the regulation of nitrogen catabolism in Neurospora (Marzluf, 1981) , was also tested as a secondary nitrogen source ( Table 1 ). All of the compounds utilized by the mutant strain as sole sources of nitrogen could also be utilized in the presence of glutamine, and in all cases glutamine enhanced growth. Six additional compounds not previously utilized by this strain -spermidine, arginine, citrulline, histidine, phenylalanine and tryptophan -could be utilized synergistically with glutamine to give growth far exceeding that on glutamine alone.
Growth in media containing other compounds as secondary nitrogen sources. Eleven compounds were tested as primary nitrogen sources in combination with ten compounds as secondary nitrogen sources. The primary nitrogen sources were in three categories: (1) those that could be used only in the presence of glutamine (citrulline, histidine and tryptophan); (2) those that could be used as sole nitrogen sources but could not be used in the presence of ammonium (aspartic acid, glutamic acid and putrescine); and (3) those that could be used under all the conditions tested (asparagine, glutamine, ornithine, proline and tyrosine). Of the ten compounds tested as secondary nitrogen sources, two (KN03 and urea) could not be used as primary nitrogen sources, three (citrulline, histidine and tryptophan) could be used only in the presence of glutamine, two (glutamic acid and putrescine) could be used as sole nitrogen sources but could not be used in the presence of ammonium, and three (asparagine, ornithine and proline) could be used under all of the conditions tested.
Four of the compounds tested as secondary nitrogen sources resulted in synergistic growth similar to that observed when glutamine was added to the media, namely glutamic acid, ornithine, proline and putrescine (Table 2) . Proline gave the greatest general increase in growth response; growth in media with proline as the secondary nitrogen source exceeded growth in media with glutamine as the secondary nitrogen source in all cases except when asparagine or putrescine was the primary nitrogen source.
When KN03, urea, asparagine, citrulline, histidine or tryptophan was added as the secondary nitrogen source (Table 2) , no increase or a modest increase in growth was observed in the bulk of the tests. The general stimulation of growth as observed with glutamine was not seen; only the interaction of citrulline with asparagine resulted in growth increases from near zero to in excess of 100 mg. The general repression of growth engendered by low levels of ammonium in the media was not observed either, although growth on some compounds as primary nitrogen source could be significantly reduced by the addition of histidine, urea, tryptophan, and perhaps K N 0 3 .
Growth in race tubes
The growth of the nnu mutant and its wild-type parent were measured in race tubes on a variety of complex media simulating those on which the organism can be found in nature. Tests were run in duplicate on two different occasions at three different temperatures (Table 3 ). The morphology of the mutant strain was similar to that of the parent on all media tested. In general, growth of both strains was poorest at 20 "C and best at 25 "C. The growth of the mutant strain exceeded that of the parent on potato dextrose agar at all three temperatures, and on oatmeal agar at 20 and 25 "C. The growth of the parental strain exceeded that of the mutant on wheat straw agar at 30"C, and on Fusarium complete agar at all three temperatures.
DISCUSSION
G . zeae is typical of most fungi in its ability to use a wide variety of organic and inorganic compounds as sole nitrogen source (Leslie, 1986) . The nnu mutation significantly alters these capabilities, however. The most obvious effects of this mutation on the nitrogen catabolic capabilities of G . zeae are that the mutant cannot use any of the tested inorganic nitrogen . nnu mutant o j G . zeae 1285 sources, and utilizable organic nitrogen sources are reduced to a handful of amino acids and closely related compounds. N ADPH-dependent glutamate dehydrogenase activity levels are comparable in the mutant and the wild-type when the cells are grown in a medium containing glutamine or monosodium glutamate as a sole nitrogen source (Kinzel & Leslie, 1985) . The effective metabolism of glutamate to glutamine and of glutamine to glutamate suggests that functional glutamine synthetase and glutamate synthase systems are both present in the mutant strain.
The possibilities that the nnu mutant (i) is impaired in transport of both organip and inorganic nitrogen sources, (ii) is defective in a single central catabolic enzyme, or (iii) is defective in general regulation of nitrogen catabolism, cannot yet be unequivocally separated. The third possibility seems preferable, however, since the nnu mutant can utilize only a few amino acids as sole nitrogen source while the parent can use nitrate, nitrite, ammonium, urea, formamide, and most purines and amino acids as sole nitrogen source. A common regulatory mechanism for the utilization of these compounds (which may include transport and a variety of different catabolic enzyme activities) is far easier to envision than is a common transport mechanism or single catabolic step for such a diverse group of compounds. Three items in particular argue for a regulatory function and against a simple transport phenomenon. First, the nnu mutant is sensitive to chlorate, a nitrate analogue (data not shown). Fungi which are sensitive to chlorate are usually able to transport nitrate (Cove, 1979) . Second, when urea is present as a secondary nitrogen source, growth on putrescine and tyrosine is depressed. The simplest explanation for this result is that the urea is transported, but that its nitrogen cannot be converted by the organism to a form that it can utilize. An intermediate in this assimilation process, perhaps ammonium, could accumulate and cause the observed depression of growth when urea serves as a secondary nitrogen source (Table 2) . Third, the diverse alterations in phenotype which occur when ammonium and glutamine are secondary nitrogen sources (Tables 1 and 2 ) are most easily explained by a mutation in a regulatory locus rather than a mutation in a structural gene affecting either transport or a particular enzyme.
Some of the complications of the nnu phenotype may also be due to the interactions of more than one regulatory circuit. For example, the ability of this mutant to use arginine and citrulline as sole sources of both carbon and nitrogen but its inability to use these compounds as sole sources of nitrogen in the presence of either sucrose or glycerol may reflect the activity of a regulatory circuit of carbon catabolism rather than one of nitrogen catabolism.
The phenotype of the nnu mutant is different from that of mutants available in better-known fungi such as Neurospora crassa and Aspergillus nidulans. Three possible nitrogen control genes are known in N . crassa, namely nit-2, en(am)Z and nmr-Z. The nit-2 locus is the major nitrogen catabolic regulatory locus. The nit-2 gene product turns on the structural genes for secondary nitrogen source utilization whenever the cells become limited for preferred nitrogen sources (Marzluf, 1981 ; Marzluf et al., 1985) . The en(am)I mutant is unable to use proline, methionine, alanine, isoleucine, valine, hypoxanthine or urea as a sole source of nitrogen although it can use ammonium (Perkins et al., 1982) . The en(am)Z mutation also affects proline oxidase and L-amino acid oxidase (Chambers et al., 1983) . The nmr-Z locus may affect the expression of the nit-2 locus (DeBusk & Ogilvie, 1984) . Mutants at the nmr-Z locus are derepressed for nitrate reductase even in the presence of ammonium, glutamate or glutamine (Perkins et al., 1982) . The nnu mutant of G . zeae is unlike these mutants in at least two major ways. First, all three of the N. crassa mutants can grow with ammonium as a sole nitrogen source while the nnu mutant cannot. Second, although both en(um)l and nit-2 mutants cannot utilize a variety of different compounds as sole nitrogen sources, these lists of non-utilizable compounds differ greatly from the list of compounds which the nnu mutant cannot utilize. In A. nidulans, three loci, areA, areB and glnA-I, may play significant roles in nitrogen regulation. areA and ureB both control nitrogen catabolite repression, much like nit-2 in N. crassu (Marzluf, 1981 ; Arst, 1985) . TheglnA-1 locus is the structural gene for glutamine synthetase (MacDonald, 1982) . Thus, as with the N. crussu mutants, there seem to be similarities but not homologies between these mutants and their phenotypes and the nnu mutant and its phenotype.
The nnu mutant grows well as a saprophyte on complex media which are similar to the substrates on which this organism is found in nature (see Table 3 ), suggesting that the functions controlled by this locus are not necessary for survival in nature. The exclusion of proline from the control of the nnu mutant is of particular interest since G. zeae is frequently isolated from drought-stressed plants (Nelson et al., 198 1) . Such plants may accumulate nitrogenous compounds such as proline, asparagine and putrescine in response to drought stress (Stewart & Larher, 1980) . Although both the mutant and the wild-type can utilize all of these compounds as the sole source of both carbon and nitrogen (Table 2 and Leslie, 1986) , the highly efficient utilization of proline, the stimulatory effect it has on growth as a secondary nitrogen source, and the lack of growth suppression when ammonium is a secondary nitrogen source all suggest that proline catabolism may be of critical importance to this organism and to its lifestyle as an opportunistic pathogen. The altered nitrogen catabolic capabilities of the nnu mutant may provide critical new insights into this important area as well as contributing to our basic understanding of nitrogen metabolism in filamentous fungi.
